We assessed the effects of dexamethasone (DEX) on hypoxia-induced dysfunction of the pulmonary endothelium using organ-cultured rabbit intrapulmonary arteries; 3-M DEX inhibited the 7-day hypoxia (5% oxygen)-induced impairments of endothelial-dependent relaxation, cGMP accumulation, and increase in intracellular Ca 2ϩ level under substance P-stimulated conditions. Treatment with DEX over the final 3 days of the 7-day hypoxic exposure period also restored the decreased endothelium-dependent relaxation. Although chronic hypoxia did not change the mRNA expression of endothelial nitric oxide synthase (eNOS), 3 M of DEX increased eNOS mRNA expression in both the hypoxic and normoxic (20% oxygen) pulmonary endothelium. On the other hand, eNOS protein expression was not changed in any of the arteries. We next assessed the effects of DEX on the eNOS activation pathway. Chronic hypoxia impaired eNOS phosphorylation and Akt phosphorylation under both the nonstimulated and substance P-stimulated conditions, and 3-M DEX restored these phosphorylations. Morphologic study revealed that 3-M DEX inhibited chronic hypoxia-induced atrophy of endothelial cells and eNOS protein condensation into plasma membranes. These results suggest that DEX exerts beneficial effects on chronic hypoxia-induced impairments of nitric oxide-mediated arterial relaxation by increasing eNOS mRNA expression and inhibiting hypoxia-induced impairments in eNOS activation pathway with atrophy of endothelial cells.
phosphorylation of eNOS Ser 1177 by serine/threonine kinase Akt (11, 12) .
In our previous study, we clarified the mechanisms responsible for the impairment of endothelium-dependent NO production at the eNOS post-transcriptional level using intrapulmonary arteries isolated from hypoxia-induced pulmonary hypertensive rats (13) . Notably, chronic hypoxia induced an impairment of the increase in intracellular Ca 2ϩ level ([Ca 2ϩ ] i ), tight coupling between eNOS and caveolin-1 with atrophy of endothelial cells, and a decrease in the level of eNOS Ser 1177 phosphorylation in rat pulmonary arteries.
In a subsequent study, we successfully established a hypoxic organ-culture procedure to examine the changes in endothelial NO synthesis in rabbit pulmonary arteries (14) . The results indicated that chronic hypoxia impairs endothelium-dependent relaxation (EDR) without changing eNOS mRNA or protein expression and specifically causes atrophy of endothelial cells and condensation of eNOS protein into caveolae in the pulmonary artery. These results were consistent with that of an in vivo study (13) and suggest that the hypoxic organ-culture method can duplicate the endothelial dysfunction in hypoxia-induced pulmonary hypertension. The organ-culture method also makes it possible to dissociate the influence of other factors from the direct effect of hypoxia without the need to account for the individual differences of experimental animals. Finally, the method allows us to incubate the tissue under constant oxygen tension for a long period of time and to examine easily the effects of various agents on the morphology and function of tissue.
Glucocorticoids are used to treat a wide variety of inflammatory diseases, and Wang and colleagues reported that treatment with the glucocorticoid dexamethasone (DEX) restored the decrease in plasma NO content in hypoxia-induced pulmonary hypertensive rats (15) . However, the detailed mechanisms of the beneficial effects of glucocorticoids have not yet been clarified. The actions of glucocorticoids are mediated by the glucocorticoid receptor, a member of the nuclear receptor family of liganddependent transcription factors (16) . After activation by its ligand, the receptor can act as a transcription factor; that is, it can alter the expression of specific target genes. Several studies have reported that glucocorticoids have various protective effects on the vascular endothelium, such as inhibition of apoptosis mediated by lipopolysaccharide and tumor necrosis factor-␣ (17) , and inhibition of endothelial inflammatory response (18, 19) .
Consequently, the goal of this study was to determine whether a glucocorticoid, DEX, prevents hypoxia-induced endothelial dysfunction in the pulmonary artery and, if so, to investigate the detailed mechanisms of this effect using the vascular organ-culture method. The results showed that DEX had beneficial effects on chronic hypoxia-induced pulmonary endothelial dysfunction through its protective effect on endothelial NO production.
METHODS

Chemicals and Antibodies
The chemicals used were as follows: DEX, prostaglandin F 2␣ , substance P, ionomycin calcium salt (Sigma, St. Louis, MO), 1,1Ј-dioctadecyl-3,3,3Ј, 3Ј-tetramethylindo-carbocyanine perchlorate (Biomedical Technologies, Stoughton, MA), anti-eNOS antibody (Santa Cruz Biotechnology, Santa Cruz, CA), anti-phosphorylated eNOS, anti-Akt antibody and antiphosphorylated Akt antibody (Cell Signaling, Beverly, MA), and fluo-4AM (Molecular Probes, Eugene, OR).
Tissue Preparation and Organ-Culture Procedure
Male Japanese White rabbits (2-3 kg) were killed by stunning and exsanguination. The organ-culture procedure was performed as described previously (14, 20) . Briefly, the main branches of the intrapulmonary arteries were isolated, and each artery was cut into rings approximately 1.5 mm wide. The arterial rings were then placed in 2 ml of Dulbecco's modified Eagle's medium in the presence or absence of 3 M of DEX. The muscle rings were maintained at 37ЊC under an atmosphere of 90% N 2 -5% O 2 and 5% CO 2 (hypoxia) or 95% air and 5% CO 2 (normoxia) for 7 days. In some experiments, to examine the improvement effects of DEX on hypoxia-induced impairment, we started DEX treatment after the 4-day exposure to hypoxia. The medium was changed every 2 days until the experiments were started. Animal care and treatment were conducted in conformity with the institutional guidelines of the University of Tokyo (Tokyo, Japan).
Measurement of Muscle Tension
In the experiments to examine the effect of DEX on vascular smooth muscle, the endothelium was removed by gently rubbing the intimal surface with forceps after the organ-culture procedure. Muscle tension was recorded isometrically under a resting tension of 10 mN as reported previously (14, 20) . Data are shown as the percent relaxation of the steady-state preconstriction.
Measurement of cGMP Content
After the incubation, the vascular rings were immediately frozen in liquid nitrogen, homogenized in 6% trichloroacetic acid solution, and centrifuged at 2,000 ϫ g for 15 minutes at 4ЊC, as described previously (14) . The supernatants were applied to a cGMP enzyme-immunoassay system (Amersham Biosciences, Buckinghamshire, UK), whereas pellets were used to determine protein content by the method of Bradford (1976) . cGMP contents are expressed as pmol/mg protein content.
[Ca
2؉ ] i Imaging
Measurement of the [Ca 2ϩ ] i in endothelial cells in situ was performed using fluo-4AM according to the method described previously (13) . The artery (1 mm wide) was incubated in physiological salt solution (PSS) with 5-M fluo-4AM and 0.02% cremophor EL for 30 minutes at 25ЊC. The opened strip was mounted on the stage of a laser microscope, and the images were captured by means of a fluorescence imaging system (Aquacosmos; Hamamatsu Photonics, Tokyo, Japan) (ϫ600). Images of vascular endothelial cells stained with fluo-4 were taken every 20 seconds at 37ЊC. For each artery, the mean fluorescent intensities of four to seven endothelial cells were averaged, as were the fluorescent intensities of four arteries for each condition. The microscope was equipped with 488-nm (excitation) and 540-nm (emission) filters.
Semiquantitative Reverse Transcription-polymerase Chain Reaction Analysis
Total RNA was extracted from the arteries, and the concentration of total RNA was adjusted to 1 g/l with RNase-free distilled water. Reverse transcription-polymerase chain reaction (PCR) was performed as described previously (14, 20) . The oligonucleotide primers for eNOS and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were designed as described previously (14) . The forward primers and reverse primers for eNOS and GAPDH were designed as follows: ATA GAA TTC ACC AGC ACC TTT GGG AAT GGC GAT (forward primer for eNOS), ATA GAA TTC GGA TTC ACT GTC TGT GTT GCT GGA CTC CTT (reverse primer for eNOS), TCC CTC AAG ATT GTC AGC AA (forward primer for GAPDH), and AGA TCC ACA ACG GAT ACA TT (reverse primer for GAPDH). The PCR products were electrophoresed onto 2% agarose gel containing 0.1% ethidium bromide. The detectable fluorescence bands were visualized using an ultraviolet transilluminator. The densitometric intensity of 260 base pairs for eNOS and of 308 base pairs for GAPDH at 33 cycles was quantified using an image-processing program (National Institutes of Health Image 1.55). The results are expressed as the ratio of the optical density of eNOS to that of GAPDH.
Real-time PCR Analysis
The following primers and probes were used for the real-time PCR analysis: GAPDH: TGCACCACCAACTGCTTAGC (sense), TCTTCTGG GTGGCAGTGATG (antisense), TCATCCACGACCACTTCGGCAT TG (probe); and eNOS: GAGTTACAAAATCCGCTTCAACAG (sense), TCCGCCGCCAAGAAGAC (antisense), CTCCTGCTCAG ACCCGCTGG (probe). The mRNA expressions of the unknown samples were divided by the endogenous reference (GAPDH) amount to obtain a normalized target value. All PCR reactions were performed using an ABI Prism 7,000 Sequence Detection System (Perkin-Elmer Applied Biosystems, Norwalk, CT).
Western Blots for eNOS, Phosphorylated eNOS, Akt, and Phosphorylated Akt
Western blots were performed as described previously (13) . Briefly, equal amounts (60 g) of protein from the total homogenate of the arteries were loaded for the sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Antibodies that recognize ␣-actin and the other proteins (for eNOS, phosphorylated eNOS, Akt, and phosphorylated Akt) were used at a dilution of 1:2,000 and 1:500, respectively. The densitometric intensity was quantified by National Institutes of Health Image 1.55. To ensure that equal amounts of proteins were loaded, we confirmed that the same densitometric intensities of actin were observed in each preparation.
Whole-mount Immunostaining Measurement of Endothelial Cell Area
Whole-mount immunostaining was performed as described previously (13, 14) . The arterial rings were fixed with 4% paraformaldehyde and then probed with anti-eNOS monoclonal antibody and anti-caveolin-1 polyclonal antibody (1:100 dilution). In addition, to measure the surface area of endothelial cells, the endothelium was labeled with a specific endothelial cell marker, acetylated low-density-lipoprotein labeled with 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindo-carbocyanine perchlorate. The arterial rings after the organ-culture procedure were incubated with 10 g/ml of 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindo-carbocyanine perchlorate at 37ЊC for 4 hours. The images were captured using a Carl Zeiss confocal laser scanning microscope LSM510 imaging system (ϫ630). Five-micrometer thick images from the endothelial cell surface were digitized under constant exposure time, gain, and offset. After capturing images, protein colocalization and cell area were measured by the LSM510 program.
Statistical Analysis
The results of the experiments are expressed as the means Ϯ SEM. Statistical evaluation of the data was performed by analysis of variance, followed by the Tukey post-test for comparison between groups using Prism 3.0. A value of p Ͻ 0.05 was regarded as statistically significant.
RESULTS
EDR
In the normoxic pulmonary arteries with endothelium, substance P (0.1-10 nM) caused vasorelaxation of the muscle contraction elicited by 1 M prostaglandin F 2␣ in a concentration-dependent manner ( Figure 1A ). At a higher concentration (30 nM), substance P induced contraction, possibly via a direct contractile effect on smooth muscle. In the hypoxic pulmonary arteries, the substance P-induced EDR was attenuated compared with that in the normoxic pulmonary arteries (n ϭ 8). Treatment of tissue with 3 M of DEX during the hypoxic condition significantly prevented these impairments of EDR (n ϭ 8). We examined different treatment regimens to examine further this improvement of EDR by DEX. In the hypoxic pulmonary artery treated with 3 M of DEX over the last 3 of the 7 days of hypoxic exposure, EDR was greater than that of 4-or 7-day hypoxic pulmonary arteries ( Figure 1B ; n ϭ 5). In addition, we examined the effect of DEX on the relaxation of 35 mM high K ϩ -induced contraction by substance P (10 nM) and revealed that in the hypoxic pulmonary arteries substance P-induced EDR was smaller than that in the normoxic pulmonary arteries, and DEX treatment completely prevented the impairments (the relaxation caused by substance P was 43.5 Ϯ 4.0% in the normoxic arteries, 8.6 Ϯ 3.5% in the hypoxic pulmonary arteries, 42.3 Ϯ 2.7% in the DEX-treated normoxic arteries, and 43.9 Ϯ 3.2% in the DEX-treated hypoxic pulmonary arteries; n ϭ 4 each). In the preliminary experiments, we examined the influence of DEXadministration dosage (1-10 M) on endothelial-dependent relaxation. At the lower dose (1 M), DEX had no significant protective effects against the hypoxia-induced endothelial dysfunction (the maximum relaxation was 29.3 Ϯ 3.5%; n ϭ 4). On the other hand, no additional improvement was observed in the pulmonary arteries treated with 10 M of DEX in comparison with those receiving 3 M of DEX (the maximum relaxation was 58.6 Ϯ 2.1%; n ϭ 4). Consequently, we chose 3 M of DEX as our treatment dosage and investigated the mechanism of the beneficial effect of this treatment on hypoxia-induced pulmonary endothelial dysfunction in the following experiments.
The vasodilator effect of the Ca 2ϩ ionophore, ionomycin (1-100 nM), on 1 M prostaglandin F 2␣ -induced contraction was also significantly attenuated in the hypoxic pulmonary arteries (n ϭ 11; Figure 2A ). DEX treatment also prevented the hypoxiainduced attenuation (n ϭ 11). In all of the arteries without endothelium, substance P and ionomycin were ineffective. The substance P (100 nM)-induced EDR was abolished by treatment with N G -monomethyl-l-arginine, a NOS inhibitor (200 M, administered 30 minutes before the addition of prostaglandin F 2␣ ) in the normoxic and the hypoxic pulmonary arteries (n ϭ 6 each; Figure 2B ). However, in the DEXtreated normoxic and hypoxic pulmonary arteries, the inhibition of the 10 nM substance P-induced EDR by N G -monomethyl-larginine treatment was smaller than that in the normoxic and the hypoxic pulmonary arteries (n ϭ 6 each). In all of the arteries, treatment with indomethacin, a cyclo-oxygenase inhibitor (10 M, administered 30 minutes before the addition of prostaglandin F 2␣ ), did not change the EDR caused by substance P (n ϭ 6 each; data not shown). These results suggest that the EDR of the normoxic and hypoxic arteries was attributable mainly to NO production, and each of the previously described DEX treatments restored the decreased NO-dependent EDR.
Various stimuli activate eNOS through a PI3-kinase/Aktdependent pathway (8, 11) . In this study, treatment with a PI3-kinase inhibitor, wortmannin (10 M), for 30 minutes attenuated substance P-induced relaxation (n ϭ 5 each; data not shown), suggesting that PI3-kinase/Akt-dependent eNOS activation plays a role in substance P-induced NO generation in the pulmonary artery.
Smooth Muscle Contraction
In pulmonary arteries with endothelium cultured under normoxia or hypoxia for 7 days, the cumulative addition of prostaglandin F 2␣ (3 nM-10 M) induced contractions with similar amplitudes in a concentration-dependent manner (n ϭ 10 each; see Figure E1 in the online supplement). Chronic 3 M of DEX treatment did not affect the prostaglandin F 2␣ -induced contraction in either normoxic or hypoxic pulmonary arteries. These results suggest that chronic treatments with hypoxia and/or DEX do not change the myogenic contractile activity in the pulmonary artery.
Sodium Nitroprusside-induced Relaxation
In all of the pulmonary arteries without endothelium (i.e., those subjected to normoxia or hypoxia with or without DEX), sodium nitroprusside (1 nM-3 M) caused vasorelaxation of the contractions elicited by 1 M of prostaglandin F 2␣ in a concentrationdependent manner with similar potency (n ϭ 5 each; see Figure  E2 in the online supplement).
cGMP Content
In all of the arteries with endothelium with or without DEX under a normoxic or hypoxic condition, the cyclic guanosine monophosphate (cGMP) contents under the resting condition were roughly the same (n ϭ 5 each; Figure 3 ). Sodium nitroprusside (1 M) increased the cGMP content in all of the pulmonary arteries, and there were no significant differences under any condition (n ϭ 5 each). In contrast, in the normoxic pulmonary arteries, the 2-minute treatment with substance P (10 nM) increased the cGMP content (n ϭ 5), which was significantly greater than that in hypoxic pulmonary arteries. The chronic treatment with 3 M of DEX recovered the 10-nM substance P-induced cGMP content in the hypoxic pulmonary arteries. However, in both the DEX-treated normoxic and hypoxic arteries, the substance P-induced cGMP contents were significantly smaller than that in the nontreated normoxic arteries.
Cytosolic Ca 2؉ Level in Endothelial Cells
We examined the changes in endothelial [Ca 2ϩ ] i induced by substance P (10 nM). As shown in Figure 4 , substance P induced a transient increase in [Ca 2ϩ ] i followed by a sustained increase in all of the arteries (n ϭ 5 each). Both the peak and sustained 2ϩ ] i increase.
Expression of eNOS mRNA
We next examined the effect of DEX on the level of mRNA for eNOS using semiquantitative reverse transcription-PCR. Amplification at 28-38 cycles (in five-cycle intervals) showed a step-wise and similar increase in mRNA signals for eNOS (260 base pairs) and GAPDH (308 base pairs) in all of the arteries ( Figure 5A ). Figure 5B summarizes these results, which showed that the ratio of eNOS mRNA expression to GAPDH mRNA expression in the hypoxic arteries did not differ from that in the normoxic arteries at 30 cycles of amplification. On the other hand, 3-M DEX treatment significantly increased the eNOS mRNA expression in both the normoxic and hypoxic pulmonary arteries (n ϭ 5-7 each). In addition, we performed real-time reverse transcription-PCR analysis of the eNOS mRNA expression for quantification and obtained similar results (hypoxia, 0.98; DEX-treated normoxia, 1.22; DEX-treated hypoxia, 1.18; the results are shown as the ratio of the mRNA copy number in the normoxic arterial endothelium; n ϭ 4 each).
eNOS and Akt Protein Expression and eNOS and Akt Phosphorylation
We examined the eNOS and Akt protein expression and found that neither was changed among the normoxic control, hypoxic control, normoxic DEX-treated, and hypoxic DEX-treated pulmonary arteries (Figures 6A and 6B for eNOS; Figures 7A and 7B for Akt; n ϭ 4 each). Because it is well known that phosphorylated Akt (active form) directly phosphorylates eNOS Ser 1177 to activate eNOS, we next investigated the changes in eNOS phosphorylation and Akt phosphorylation ( Figures 6A, 6C , 7A, and 7C; n ϭ 4 each). In the normoxic control pulmonary artery, Ser 1177 -phosphorylated eNOS was detected 4 minutes after stimulation with 10-nM substance P as previously reported (13) , but not at a resting condition. One-week hypoxia treatment abolished the eNOS phosphorylation stimulated by substance P, and DEX treatment recovered the decrease in eNOS phosphorylation by hypoxia (n ϭ 4 each). In the arteries treated with DEX both under the normoxic and hypoxic conditions, a significant increase in phosphorylated eNOS content was observed even at a resting condition (n ϭ 4 each).
Because Akt is expressed not only in the endothelium but also in smooth muscle cells, we compared the level of Akt phosphorylation in endothelium-intact and -denuded pulmonary arteries. The level of Akt phosphorylation measured 4 minutes after the substance P treatment in endothelium-denuded normoxic and hypoxic arteries was decreased to 50.1 Ϯ 1.2% and 51.1 Ϯ 4.7%, respectively, of that in endothelium-intact pulmonary arteries (n ϭ 3 each). These findings indicate that approximately 50% of the total Akt phosphorylation occurred in a monolayer of the endothelium in the pulmonary arteries.
Localization of eNOS Protein in Endothelial Cells and Atrophy of Endothelial Cell Area
The localization of eNOS on the caveolae in the plasma membrane in endothelial cells is considered to be important for its activation (21) . Figure 8A shows the immunohistochemical images demonstrating the intracellular localization of eNOS and eNOS inhibitory protein, caveolin-1, in the endothelium. eNOS was located on the plasma membrane in the normoxic control, hypoxic control, and normoxic DEX-treated and hypoxic DEXtreated pulmonary arteries. The endothelial cells were closely blocked together like cobblestones in the normoxic arteries. In the hypoxic arteries, however, many endothelial cells were shriveled, and the eNOS protein was condensed on the periphery of the cell membrane, as previously reported (13) . Treatment with 3 M of DEX restored these morphologic changes (n ϭ 4 each).
To examine the morphology of endothelial cells, we stained the endothelial cells with a specific endothelial cell marker, 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindo-carbocyanine perchlorate, and calculated the endothelial cell area ( Figure 8B ). At increased magnification, the endothelial cells were blocked together like cobblestones in the normoxic arteries. In contrast, in the hypoxic arteries, many endothelial cells were shriveled. The cell area in the hypoxic pulmonary arteries (n ϭ 23) was significantly smaller than that in normoxic pulmonary arteries (n ϭ 23). DEX (3 M) treatment restored the hypoxia-induced atrophy of endothelial cells (n ϭ 18) but did not affect the morphology of normoxic endothelial cells (n ϭ 18). 
DISCUSSION
In these experiments, we found that the 3 M DEX treatment prevented chronic hypoxia-induced endothelial dysfunction and endothelial morphologic changes and that DEX protected and facilitated the post-transcriptional eNOS activation pathway.
First, we found that DEX treatment improved the substance P-induced EDR in hypoxic pulmonary arteries. To investigate the mechanisms of this effect, we measured [Ca 2ϩ ] i under a substance P-stimulated condition and found that DEX completely prevented the decreased Ca 2ϩ reaction induced by chronic hypoxia (Figure 4) . DEX treatment prevented the impairments of EDR induced not only by receptor stimulation but also by the Ca 2ϩ ionophore, ionomycin ( Figures 1A and 2A) . These results suggest that DEX may also inhibit the disturbance of signal transduction of eNOS activity after the Ca 2ϩ increase in pulmonary artery endothelial cells after chronic hypoxia. eNOS is dynamically targeted to specialized cell-surface signaltransducing domains termed plasmalemmal caveolae to control the production of NO. Caveolin-1, an integral membrane protein that comprises a key structural component of caveolae, is known to interact with eNOS (22) . We previously reported that chronic hypoxia (10% O 2, 1 week) induced the atrophy of endothelial cells, impairment of the [Ca 2ϩ ] i increase, and tight coupling between eNOS and caveolin-1, which in turn blocked such eNOS-activation processes as binding between eNOS and Ca 2ϩ -calmodulin, binding between eNOS and HSP90, and impairment of eNOS Ser 1177 phosphorylation by serine/threonine kinase Akt in the rat pulmonary arterial endothelium (13) . Furthermore, similar changes, such as atrophy of endothelial cells and condensation of eNOS into caveolae, were observed in the hypoxic organ-cultured pulmonary endothelium (14) . From these results, we concluded that the hypoxic organ-culture model can recreate a functional disturbance of eNOS in pulmonary artery endothelial cells and is very useful to assess the effects of various agents on the hypoxiainduced impairment. The actions of glucocorticoids are known to be mediated by alteration of the expression of specific target genes. We examined the effect of actinomycin D, a transcriptional inhibitor, on hypoxiainduced endothelial dysfunction and clarified that actinomycin D also partially restored the impairment of hypoxia-induced EDR (n ϭ 4; data not shown). These results suggested that the expression of an as yet undetermined gene may contribute to the occurrence of hypoxia-induced endothelial impairment and that DEX may decrease the degree of impairment by inhibiting this gene expression. On the other hand, reverse transcription-PCR analysis indicated that DEX treatments increased eNOS mRNA expression ( Figures 5A and 5B) . The mechanisms by which DEX induces an increase in the eNOS mRNA level are unknown at present. Although there is no evidence for the existence of a glucocorticoid-responsive element in the promoter region of the eNOS gene, the increase in eNOS expression could result from the induction of other transcription factors acting on the promoter region of this isoform gene or from an increase in the eNOS mRNA stabilizer HSP90, which has been shown to interact with eNOS, resulting in a marked increase in eNOS mRNA stability and activity (23) . More studies are needed to establish the molecular mechanism responsible for the induction of eNOS mRNA expression by DEX. Although an increase in eNOS mRNA expression was observed, 7-day treatment with DEX did not significantly increase eNOS protein expression ( Figures  6A and 6B) . A longer period of time may be required in order for the increase in eNOS to become obvious at the protein expression level. Several in vivo studies have reported an increase in eNOS expression induced by chronic hypoxia both at the mRNA and protein levels (24) (25) (26) . In our previous study, however, chronic hypoxia itself did not change eNOS expression in the organ-cultured pulmonary artery. These findings suggest that increased shear stress and/or hemodynamic changes may be required for the upregulation of eNOS under a hypoxic condition in vivo.
As written previously here, at the post-transcriptional level for eNOS activity, efficient NO production requires the Ser 1177 phosphorylation of eNOS (11, 12) . We next examined the effects of DEX on eNOS Ser 1177 and Akt phosphorylation and found that DEX treatments prevented the hypoxia-induced decreases in both the eNOS and Akt phosphorylations and even facilitated these phosphorylations in both normoxic and hypoxic pulmonary arteries ( Figures 6A, 6C, 7A , and 7C). Limbourg and colleagues reported that glucocorticoid itself induces endothelial NO production, mediated by glucocorticoid receptor-dependent activation of the phosphatidylinositol 3-kinase/Akt pathway (27) . It is important to note that the endothelial protective effects of glucocorticoid may be at least partially dependent on the nontranscriptional activation of eNOS through the phosphatidylinositol 3-kinase/Akt pathway.
In addition, our morphologic study revealed that DEX inhibited the hypoxia-induced atrophy of endothelial cells and eNOS protein condensation with caveolin-1 ( Figures 8A and 8B) . Because the cell membrane contains many functional facilities, including Ca 2ϩ channel and caveolae, those are target of DEX's effects, and the protection of endothelial morphology against hypoxic stress may play an important role in the beneficial effects of DEX. Furthermore, these protective effects may occur via the regulation of several undefined genes. Further investigation is needed on this point.
We observed that cGMP production ( Figure 3 ) and the NO dependency of EDR ( Figure 2B ) in the DEX-treated hypoxic and normoxic arteries were smaller than those in the nontreated normoxic arteries. However, DEX treatment increased eNOS phosphorylation and completely restored the hypoxia-induced endothelial dysfunction. The most characterized endothelialderived relaxation factors are NO and prostacyclin, which cause smooth muscle relaxation by cGMP or cAMP accumulation to activate cGMP-or cAMP-dependent protein kinase, respectively (28, 29) . However, an additional relaxant pathway that is resistant to inhibitors of cyclooxygenase and NOS and that is associated with smooth muscle endothelium-derived hyperpolarizing factor (30) also exists. The relative contribution of these three relaxation-factors in EDR depends on the kind of stimulator, the kind of vascular, and the animal species. In our preliminary experiments, we assessed the effect of organ culture on the ratio of the substance P-induced production of NO, prostacyclin, and endothelium-derived hyperpolarizing factor in rabbit pulmonary arteries using N G -monomethyl-l-arginine and indomethacin. In the intact rabbit intrapulmonary artery, substance P-induced EDR was attributable 76.6% to NO and 23.4% to endotheliumderived hyperpolarizing factor production, whereas in the organcultured rabbit intrapulmonary artery, the EDR was attributable mainly (95.2%) to NO. Thus, a possible explanation for this result is that DEX treatment may also prevent the change of EDR factors induced by the organ-culture procedure.
Estradiol has been reported to have several endothelial protective effects, such as NO production (31) and increase in eNOS expression (32), which we similarly observed in the pulmonary endothelium treated with DEX. In fact, some steroids such as estradiol and dehydroepiandrosterone have been reported to have inhibitory effects on chronic hypoxia-induced pulmonary hypertension (33, 34) . Based on these reports, these steroids are expected to have similar protective effects on the hypoxic organcultured endothelial impairment. To check this possibility, we examined the effects of 17-␤ estradiol on hypoxia-induced endothelial impairment in organ-cultured pulmonary arteries (see Figure E3 in the online supplement) and found that estradiol significantly protected the hypoxia-induced endothelial impairment, but the beneficial effects were smaller than that of DEX. On the other hand, dehydroepiandrosterone has been reported to have direct effects on smooth muscle cells through potassium channel activation in pulmonary hypertensive rats (33) . DEX may have direct effects on smooth muscle cell changes in pulmonary hypertension. A comparison of the different effects of these steroid treatments on the vascular bed may be important for the development of effective therapies, and further investigations are needed on this subject. In summary, DEX was shown to have a significant inhibitory effect on hypoxia-induced pulmonary endothelial dysfunction without side effects on smooth muscle, and its beneficial effects, such as the increase in eNOS mRNA expression, the direct eNOS activation, and the protection of morphologic changes that impair efficient activation of the eNOS-NO pathway, all contribute to this response. These results suggested that DEX could be a potential therapeutic agent for the treatment of patients with pulmonary hypertension. Conflict of Interest Statement : T.M. does not have a financial relationship with a commercial entity that has an interest in the subject of this article; M.H. does not have a financial relationship with a commercial entity that has an interest in the subject of this article; K.S. does not have a financial relationship with a commercial entity that has an interest in the subject of this article; H.K. does not have a financial relationship with a commercial entity that has an interest in the subject of this article; H.O. does not have a financial relationship with a commercial entity that has an interest in the subject of this article.
